The blood monocyte-to-lymphocyte ratio (MLR) is associated with active tuberculosis (TB) in adults but has not been evaluated as a TB diagnostic biomarker in HIV-infected children in whom respiratory sampling is difficult.
INTRODUCTION
Mycobacterium tuberculosis disease [tuberculosis (TB)] is a leading cause of mortality in HIV-infected children. 1 In 2016, there were over 1 million incident cases of TB and 253,000 TB-related deaths in children younger than 15 years. 2 Microbiologic diagnosis of TB in children is difficult given paucibacillary disease and the operational challenges of obtaining respiratory specimens in young children who are unable to produce sputum. 3 Host biomarkers for TB disease may provide an alternative to pathogen-based biomarkers for TB diagnosis. 4 T-cell activation markers and transcriptional profiling [5] [6] [7] [8] [9] have shown utility for diagnosis in children, but are costly and require specialized equipment and training.
The blood monocyte-to-lymphocyte ratio (MLR), derived from blood counts that are routinely collected in resource-limited settings for the management of acute illness, has been shown to predict progression to TB disease in children and adults. [10] [11] [12] In a cohort of HIV-infected and HIV-exposed uninfected South African and Botswanan children, elevated MLRs at 3-4 months of age predicted onset of TB disease by the age of 2 years. 10 Among HIVinfected African women, the elevated MLR during pregnancy was associated with increased risk of incident TB disease over 18 months of postpartum follow-up, even when controlling for CD4 + count, antiretroviral treatment (ART), and World Health Organization HIV stage. 11 Less is known about the diagnostic performance of the MLR, but an Italian study of adults without HIV found that an MLR cutoff .0.285 had high sensitivity and specificity (91% and 94%, respectively) to identify patients with culture-confirmed TB. 13 Furthermore, the MLR may be useful as an indicator of treatment response, as demonstrated in a cohort of Chinese adults with TB in which MLRs normalized to ranges similar to those of healthy controls after a 6-month treatment course. 14 To the best of our knowledge, the performance of the MLR as a diagnostic biomarker for TB has not been evaluated in children with or without HIV disease. In addition, previous studies performed have not accounted for important cofactors that may alter the MLR, such as immunosuppression, 12 nutritional status, 15 and malaria coinfection. 12, [15] [16] [17] In a cohort of hospitalized Kenyan HIV-infected children starting antiretroviral therapy with well-classified TB disease status, we investigated the association between MLR and active TB disease determined at enrollment, and evaluated MLR changes over a 6-month period as a potential indicator of treatment response. We evaluated CD4 + count, nutritional status, and malaria infection as potential confounders of the association between MLR and TB.
METHODS

Study Population
We conducted a longitudinal cohort study nested within the Pediatric Urgent Start of HAART (PUSH) randomized clinical trial (NCT02063880). 18 Study subjects in the parent trial were HIV-infected, antiretroviral therapy-naive children aged 12 years or younger, hospitalized in Kenya. Participants were randomized in the parent trial to urgent (less than 48 hours) or early (7-14 days) antiretroviral therapy and were excluded if they had a central nervous system (CNS) infection at enrollment. Children were excluded from this subanalysis if they initiated treatment for TB more than 14 days before or after enrollment, or if they did not complete at least one test for microbiologic confirmation of TB diagnosis.
The parent study was reviewed and approved by the Institutional Review Board (IRB) at the University of Washington, the University of Nairobi/Kenyatta National Hospital Ethical Review Committee (UoN/KNH ERC), and the Pharmacy and Poisons Board in Kenya, and is in accordance with the Helsinki Declaration of 1975. Written informed consent was obtained from all participants' caregivers in their preferred language (English, Kiswahili, or Dholuo).
Study Procedures
All children were evaluated at enrollment for pulmonary TB by symptom screening, physical examination, tuberculin skin test (TST), chest radiograph, 2 sputum or gastric aspirate samples for direct Ziehl-Neelsen smear microscopy and liquid culture using BACTEC Mycobacteria Growth Indicator Tube (MGIT) 960 system (Becton Dickinson, Sparks, MD), one sputum or gastric aspirate specimen for PCR using Xpert MTB/RIF (Cepheid, Sunnyvale, CA), and one stool specimen for PCR using Xpert MTB/RIF. For TST, 5 units (0.1 mL) of purified protein derivative (RT23 solution; Sanofi Pasteur, Lyon, France) were injected intradermally and a study nurse measured induration 48-72 hours later. Children were also evaluated at enrollment for symptoms and signs of extrapulmonary TB.
Blood specimens were obtained from each participant for full blood count and differential count (including monocytes and lymphocytes) at enrollment and 4, 12, and 24-week follow-up visits. CD4 + percentage was determined at enrollment, and 4-and 24-week follow-up visits. Full blood counts were performed on an automated MS4 Haematology analyzer (Melet Schloesing Laboratoires, Osny, France) and A$T 5 diff Coulter counter (Beckman Coulter, Inc., Brea, CA). The MLR was calculated after conclusion of the parent trial and was not considered in the diagnostic evaluation of children. A study nurse evaluated growth parameters (height, weight, middle upper arm, and head circumference) at every encounter.
Participants were treated with combination antiretroviral therapy (abacavir and lamivudine with nevirapine, efavirenz, or lopinavir/ritonavir) according to Kenyan Ministry of Health guidelines. 19 Children with suspected TB as assessed clinically by hospital medical officers were treated with a 6-month regimen of rifampin, isoniazid, pyrazinamide, and ethambutol per Kenyan National TB Program guidelines. 20 ART regimens were adjusted as needed for children receiving concurrent TB treatment to avoid medication interactions. 20 
Definitions
The MLR was determined by dividing absolute monocyte counts by absolute lymphocyte counts at each study time point. Weight-for-age Z-scores (WAZ) and weight-for-height Z-scores (WHZ) were calculated based on WHO growth curves using WHO ANTHRO software (version 3.2.2 World Health Organization, Geneva, Switzerland). 21 Children were classified as having microbiologically confirmed TB, unconfirmed TB (clinical presentation suggestive of TB with at least 2 of the following: TB symptoms, abnormal CXR, positive TST or TB exposure history, or response to anti-TB treatment), or unlikely TB at enrollment based on international consensus clinical case definitions for pulmonary TB. 22 For the purposes of this analysis, failure to thrive was defined by underweight (WAZ # 22) or wasting (WHZ # 22 if under 5 years of age or MUAC ,12.5 for ages 5-12 years). Response to anti-TB treatment was defined as increase in weight and resolution of enrollment TB symptoms over 24 weeks of follow-up.
Statistical Analysis
Children were stratified by confirmed, unconfirmed, or unlikely pulmonary TB classification. Descriptive measures of frequency (counts and percentages for categorical variables, medians and interquartile ranges [IQRs] for continuous variables) were calculated for all covariates. Fisher exact tests were used to compare the distributions of categorical variables between confirmed versus unlikely TB groups and unconfirmed versus unlikely TB groups. Wilcoxon 2-sample tests were used to compare the distributions of continuous variables between confirmed versus unlikely TB groups and unconfirmed versus unlikely TB groups. Study power was calculated using OpenEpi (Version 3.01, updated June 4, 2013). 23 Receiver operating characteristic curves of MLR cutoff values were used to distinguish children with confirmed TB, unconfirmed TB, and unlikely TB. The optimal MLR diagnostic cutoff was determined based on the maximum value of Youden's index, J, where J = sensitivity + specificity 2 1. 24 General estimating equations (GEEs) were used to estimate the association between TB status and changes in repeated MLR measures over the study period. We also estimated this association for absolute monocyte count and absolute lymphocyte counts individually. We evaluated baseline and time-varying CD4 + percentage, WAZ and WHZ, and malaria infection as potential confounders of the association between MLR and TB. Time-varying CD4 + percentage was considered a priori as a confounder of interest because CD4 + percentage is associated with active TB and the MLR, as was time since enrollment because it is a proxy for TB treatment over time. We assessed for multicollinearity and selected the most parsimonious model. Because of the known association of age with TB disease, 25,26 a sensitivity analysis was performed with age included as an additional cofactor in our final adjusted model. Sensitivity analyses restricting participants to children who had completed the study and children who were treated for TB were also conducted.
Two-sided P values ,0.05 were considered statistically significant. All analyses were conducted using SAS software (version 9.4; SAS Institute Inc., Cary, NC).
RESULTS
Cohort Characteristics
Of 183 randomized children from April 2013 to May 2015 in the parent trial, we included 160 children in this secondary analysis. Twenty-three children were excluded for the following reasons: 1 for HIV-negative status, 1 for concurrent CNS infection, 13 for TB treatment 14 days before or after enrollment, and 8 for failing to receive microbiologic confirmation testing. Three patients had signs of extrapulmonary TB infection in conjunction with pulmonary TB (one child with lymphadenitis, a second with miliary infiltrate on chest radiography, and a third with miliary infiltrate and vertebral spondylitis on chest radiography). There were 2 patients who had extrapulmonary TB (miliary infiltrate on chest radiography) without evidence of pulmonary TB. Thirteen children met criteria for confirmed TB (8.1%), 67 (41.9%) had unconfirmed TB, and 80 (50.0%) were unlikely to have TB (see Figure, Supplemental Digital Content 1, http://links.lww.com/QAI/B232, patient inclusion flowchart). Overall, the median age at enrollment was 22.8 months (IQR 10.0-62.7), 87 children (54.4%) were males, 30 (18.8%) children died during the study period, and 13 (8.1%) were lost to follow-up ( Table 1) .
The median enrollment CD4 + percentages for children in the confirmed and unconfirmed groups were similar to the CD4 + percentage in the unlikely TB group (P = 0.10 and P = 0.21, respectively); however, over all study intervals, the median CD4 + percentage was significantly lower for participants in the confirmed and unconfirmed groups as compared to the unlikely TB group (P = 0.01 and P = 0.01, respectively). Over all study intervals, the median WAZ and WHZ were lower for the confirmed and unconfirmed TB children as compared to those in the unlikely TB group (WAZ: P , 0.01 and P , 0.01, respectively; WHZ: P , 0.01 and P , 0.01, respectively). Overall, 25 children were diagnosed with malaria during the study period, with 15 confirmed by positive blood smears and the remainder diagnosed clinically. Of 25 children with malaria, none had confirmed TB (P = 0.23 compared with that of unlikely TB), 5 had unconfirmed TB (P = 0.03 compared with that of unlikely TB), and 20 were unlikely to have TB.
MLR Diagnostic Utility
At enrollment, the median MLR for children with confirmed TB [0.407 (IQR 0.378-0.675)] was higher compared with that in children with unconfirmed [0.207 (IQR 0.148-0.348), P , 0.01] or unlikely [0.212 (IQR 0.138-0.391), P = 0.01] TB. Children with unconfirmed TB had similar MLRs compared to children with unlikely TB (P = 0.87) ( Table 2 ). The study power calculated to detect the difference in the MLR between the confirmed TB (n = 13, median MLR = 0.407) and unlikely TB (n = 79, median MLR = 0.212) groups was 70.0% (assuming a = 0.05 with the 2-tailed t test).
The optimal MLR cutoff value of 0.378 identified 10 of 13 confirmed TB patients as having TB disease with sensitivity 77% (95% CI: 50%-92%), specificity 78% (95% CI: 71%-84%), positive predictive value 24% (95% CI: 14%-39%), negative predictive value 97% (95% CI: 93%-99%), positive likelihood ratio 3.5 (95% CI: 3.1-3.9), and negative likelihood ratio 0.3 (95% CI: 0.2-0.6). The corresponding area under the receiver operating characteristic curve was 0.74 (95% CI: 0.58-0.89) (see Fig. 1 
Longitudinal Changes in the MLR
The association between TB status and MLR over all study intervals was significant for the confirmed TB group compared with the unlikely TB group [b = 0.32, standard error (SE) 0.13, P = 0.01] on univariate analysis. There was no significant difference between the MLR among children with unconfirmed TB compared to children unlikely to have TB on univariate analysis (Table 3 ). In our multivariable GEE model adjusting for time-varying CD4 + percentage and visit week since enrollment, the association between confirmed TB diagnosis and MLR remained significant (b = 0.27, SE 0.12, P = 0.02; reference unlikely TB group), and the association between unconfirmed TB and MLR remained nonsignificant (b = 0, SE 0.03, P = 0.99; reference unlikely TB group). No other potential confounders were added to this model because of lack of association with MLR (malaria status), TB status (age), or collinearity with time-varying CD4 percentage (time-varying WAZ and WHZ). Sensitivity analyses with age included as a covariate did not significantly affect the model. Excluding the 2 patients with only extrapulmonary TB did not significantly change our findings. In addition, MLRs were not significantly different between the 2 treatment arms of the parent trial (urgent or early antiretroviral therapy). The 2 components of the MLR, absolute blood monocyte count and absolute blood lymphocyte count, were analyzed individually in unadjusted analyses for their association with TB status using GEE modeling (see Table, Supplemental Digital Content 3, http://links.lww.com/QAI/ B232, median monocyte and lymphocyte counts by visit week and TB group). Over all study intervals, there were no statistically significant associations between the absolute monocyte or lymphocyte count and the TB groups (Table 3) .
Over 24 weeks of anti-TB treatment, the median MLR declined by 0.298 among children with confirmed TB (P = 0.01) and was similar to MLR levels of children unlikely to have TB by week 12 of TB treatment (P = 0.21) (Fig. 2 and Table 2 ). Among unconfirmed patients who received TB treatment, however, there was no difference in the median MLR when compared with the unlikely TB group at all study intervals.
In sensitivity analyses restricted to children with a complete 6-month follow-up (excluding those who died or who were lost to follow-up), children with confirmed TB had a trend of higher median MLR over all study intervals as compared to children with unconfirmed or unlikely TB, but this did not reach statistical significance (P = 0.09 and P = 0.08, respectively). The trend of the MLR among the 3 TB groups over the study period was similar to the longitudinal findings with all participants included (see Table and Table, Supplemental Digital Content 5.1, http:// links.lww.com/QAI/B232, comparing the median MLR among those who had TB treatment response versus failure). Among children with TB treatment response, the pattern of longitudinal changes in the MLR for the confirmed and unconfirmed TB groups was similar to the curves when all participants were included (see Table and Figure, Supplemental Digital Content 5.2, 5.3, http://links.lww.com/QAI/ B232, median MLR by visit week and TB group among those patients who had TB treatment response). Longitudinally, children with confirmed TB who did not respond to TB treatment or who died before completing the study showed a trend toward higher MLRs compared to children with unconfirmed or unlikely TB, although sample size was limited for this sensitivity analysis (see Table and 
DISCUSSION
Among HIV-infected children, the blood MLR distinguished children with microbiologically confirmed pulmonary TB disease from those with unconfirmed or unlikely TB. An MLR value above 0.378 was associated with moderate sensitivity (77%) and specificity (78%) to identify confirmed TB cases at enrollment. By 12 weeks of anti-TB treatment, the median MLR of the confirmed TB group declined to levels similar to the unconfirmed and unlikely TB groups. †Wilcoxon 2-sample test t approximation reported. The reference group is TB unlikely.
FIGURE 1.
Receiver operating characteristic curve (A) and sensitivity and specificity curve (B) for MLR cutoffs identifying TB-confirmed patients. The optimal MLR cutoff above 0.378 had sensitivity 77%, specificity 78%, positive predictive value 24%, and negative predictive value 97%.
Furthermore, children across all diagnostic groups who were treated for TB and died or did not respond to treatment had a trend of higher median enrollment MLRs compared with those who had treatment success. The MLR cutoff value above 0.378 demonstrated a good overall TB diagnostic performance in our cohort of hospitalized HIV-infected Kenyan children. Our cutoff was higher and had lower sensitivity and specificity compared with a study of Italian adults in which an MLR cutoff of 0.285 had sensitivity 91% and specificity 94% for identifying active TB in HIV-negative adults compared with healthy controls. 13 We hypothesize that the optimal cutoff value from our analysis was higher because we compared confirmed TB patients with pooled unconfirmed and unlikely TB patients who were all HIV-infected and hospitalized rather than healthy controls. When La Manna et al 13 compared participants with TB to those with latent TB infection, the optimal MLR cutoff increased to 0.305 with decreased sensitivity and specificity.
The sensitivity of the MLR to detect confirmed TB is comparable with other rapid diagnostic methods for microbiologic confirmation that use non-sputum-based sample collection in children. Studies evaluating stool Xpert MTB/RIF reported test sensitivities between 32% and 81% and specificities between 99% and 100% as compared to the gold standard of culture-positive respiratory specimens. [27] [28] [29] [30] [31] Sensitivity of stool Xpert MTB/RIF improved when data were restricted to HIV-infected children (63%-80%). 27, 29, 31 Nasopharyngeal aspirate Xpert MTB/RIF assays had similar diagnostic performance to stool samples in children (sensitivity: 39%-65% and specificity: 98%-99%), 32, 33 whereas urinary lipoarabinomannan assays performed less well (sensitivity from 0% to 70% and specificity from 60% to 97% depending on HIV infection status and type of assay). 31, [34] [35] [36] A meta-analysis of HIV-negative and positive adults found the sensitivity of serum C-reactive protein .1.0 mg/dL for TB diagnosis ranged between 56% to 96% and specificity between 0% to 67%; elevated C-reactive protein levels have been observed in children with active TB but diagnostic performance in children is not known. 37, 38 Although the sensitivities of these rapid diagnostic tests in children are similar to the sensitivity of the MLR in our cohort, the specificity of the MLR was lower, which may be an important limitation for clinicians to consider.
In settings with limited capacity for microbiologic testing, the MLR may be an inexpensive and rapid tool to inform clinical TB diagnosis. Despite the scale-up of Xpert MTB/RIF, it is underused in many populations and children may have lower odds of getting Xpert MTB/RIF testing. 39 In a 2012 study of 47 sites, the test was used for only 4% of patients, possibly because of limitations in electrical power, transportation, and cartridge availability. 40 In addition, lack of clinical staff training and program guideline knowledge may hinder Xpert MTB/RIF implementation. 41 The MLR, therefore, may be a more accessible test in some settings.
We hypothesize that elevation in the MLR among children with confirmed TB disease could reflect higher mycobacterial burden. Monocytes proliferate in the presence of mycobacterial growth before migrating and differentiating into macrophages, whereas CD4 + T lymphocytes are the primary effectors of adaptive immune response to M. tuberculosis infection. 42, 43 Naranbhai et al 44 have shown in vitro that higher MLR was associated with mycobacterial growth and that an elevated ratio of gene expression transcripts of monocytes to lymphocytes was associated with TB disease in vivo. In our cohort, higher MLR among children with treatment failure or death and decline in the MLR with anti-TB treatment (consistent with previous studies in adults) 13, 14 support our hypothesis that the MLR may be a useful biomarker for mycobacterial burden and increased risk of mortality. Future studies to evaluate MLR change over time in the first few weeks after TB treatment initiation will be useful to assess its role as a marker of early treatment response and mortality risk in this population. In our study, the MLR did not distinguish children with microbiologically unconfirmed TB from children who were unlikely to have TB, possibly because of the lower mycobacterial burden in those with unconfirmed TB. Additional studies to explore the utility of the MLR among children with unconfirmed TB may help inform clinical TB treatment decisions if microbiological confirmation cannot be obtained. This study contributes to a growing body of research on the MLR as a biomarker for TB diagnosis in children, which is vital because it is difficult to obtain respiratory samples for microbiologic diagnosis in this population. All children in our study were comprehensively evaluated for pulmonary TB with 2 samples for smear microscopy and culture, Xpert MTB/RIF, and chest X-ray. Classifying children who had negative microbiologic testing but clinical signs of TB allowed us to analyze the utility of the MLR for patients with unconfirmed TB. We also evaluated the MLR longitudinally, allowing us to explore MLR changes over the TB treatment period. Moreover, we assessed for potential confounding by nutritional status and immunosuppression that may affect the MLR. Our results may not be generalizable to all pediatric populations because our cohort was limited to hospitalized HIV-infected children with TB, excluding those with CNS infections. The study was also limited by a relatively small sample size and had a low number of confirmed TB cases among younger children. However, our power to detect differences in the MLR between the confirmed and unlikely TB groups was robust.
CONCLUSIONS
In summary, the blood MLR distinguished Kenyan hospitalized HIV-infected children with microbiologically confirmed pulmonary TB disease from children with unlikely TB. The blood MLR could be a useful diagnostic tool for TB disease in settings where bacteriological confirmation is difficult to obtain. The MLR could also be evaluated as a component of future clinical diagnostic algorithms and/or biomarker for TB treatment response.
